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Abstract Objective: To describe patient characteristics, use of technology and mortality in children with meningitis admitted to the pediatric intensive care unit (PICU). Design: Retrospective cohort study. Setting: Fifteen US PICUs. Patients: All admissions with a diagnosis of meningitis between 1995 and 2000 in the Pediatric Intensive Care Unit Evaluations (PICUEs) database. Measurements and results: Of 559 patients with meningitis, 58% were male. The median age was 19 months and the median length of PICU stay was 2 days. The crude PICU mortality rate was 7%. Three hundred thirty-four (60%) patients had bacterial meningitis. Non-survivors had significantly higher Pediatric Risk of Mortality (PRISM) III scores and also constituted a larger proportion of the patients with bacterial meningitis, coma and shock upon PICU admission. The use of invasive devices was higher among non-survivors, patients with bacterial meningitis or those who were in coma or shock upon PICU admission. There was significant variation in the use of intracranial pressure (ICP) monitors by coma status and by institution. In multivariate analysis, patients had 1.26 higher odds of mortality for each unit increase in PRISM III score (odds ratio 1.26, 95% confidence interval: 1.19-1.34), while adjusting for other variables. Conclusion: In a large cohort of children admitted to the PICU with meningitis, severity of illness, particularly the presence of shock or coma, was significantly associated with both the higher use of invasive medical devices and higher mortality. There was significant variation in the use of ICP monitors among the various PICUs without statistical association with survival.
Introduction
Childhood meningitis, particularly bacterial meningitis, has been associated with high case-fatality rates and the risk of persistent neurological sequelae [1, 2] . Advances in medicine, particularly the development of vaccines and antibiotics, have led to a reduction in both the incidence of, and mortality due to, meningitis. Mortality has decreased from 50-80% at the turn of the 20 th century to the present rates of 1-8% beyond the neonatal age group [3] .
The neurological sequelae resulting from childhood meningitis can be persistent and debilitating [4, 5] .
Most in-hospital deaths from meningitis occur within the first 48 h of admission to the pediatric intensive care unit (PICU) [6, 7] .The occurrence of neurological or hemodynamic impairment prompts admission to the PICU, often necessitating invasive cardio-respiratory monitoring and support [7] [8] [9] [10] [11] [12] . The timely institution of intensive care may improve survival from meningitis and shock [8] [9] [10] . Singhi et al. reported a 50% decrease in mortality from childhood meningitis with the introduction of PICU services at their institution [7] . In a study of adult patients with purulent meningitis, while keeping the therapeutic regimen otherwise unchanged, a four-fold increase in the use of mechanical ventilation over a 10-year period was associated with a decrease in adjusted mortality by 50% [9] . Although judicious use of assisted ventilation in patients with meningitis has been associated with improved survival, few studies have evaluated the use of other invasive medical devices, such as intracranial pressure (ICP) monitors, in childhood meningitis [13, 14] .
This study was performed to describe patient characteristics, the use of intensive care technology and mortality in a cohort of children with meningitis treated in the PICU.
Materials and methods
We conducted a retrospective cohort study using the Pediatric ICU Evaluations (PICUEs) database. The PICUEs is a system for monitoring the performance of participating PICUs, providing standardized mortality ratios, length of stay and efficiency rates. The database contains prospectively collected data obtained from PICUs that voluntarily participate and pay a fee for annual standardized reports. At the time of the study, the database had approximately 20,000 records collected from 15 PICUs. Our study population included all PICU admissions with a diagnosis of meningitis, recorded within the primary or secondary acute diagnoses fields in the database (n=559) over a 6-year period from 1995 to 2000. The study was approved by the University of Michigan institutional review board for human subject research.
The data included physiologic and demographic variables, Pediatric Risk of Mortality III (PRISM III) scores, patient co-morbidities, patient disposition and information on the use of medical devices, such as mechanical ventilators, central venous/arterial catheters and intracranial pressure (ICP) monitors.
Measures
The study outcome was PICU mortality. Meningitis was diagnosed by cerebrospinal fluid analysis and classified into bacterial (Grampositive and Gram-negative), fungal, viral and "other". For the purpose of this study, the etiology of meningitis was analyzed in two groups: bacterial or non-bacterial. Certain definitions were made a priori. Invasive medical devices were defined as mechanical ventilators, ICP monitors, arterial catheters, central venous catheters (CVC) and infusion of vasoactive medications. These devices were assessed individually. Coma was defined as a Glasgow coma score of less than 8 within the first 12 h of PICU admission, as previously reported in the literature [6, 7, 13] . The diagnosis of shock was made by the physicians caring for the patients. The most abnormal physiologic values (highest or lowest) during the first 12 h of admission to the PICU were used in the analyses, including lowest systolic blood pressure and highest heart rate. Since hemodynamic or neurological impairments in children with meningitis are widely observed indications for PICU admission and bacterial etiology is associated with poorer outcomes, we described the characteristics of patients, use of invasive medical devices and mortality within the entire cohort and, subsequently, among the patients based on etiology, coma or shock status at PICU admission.
Statistical analysis
Descriptive analyses were performed to characterize the study population. Median values and inter-quartile ranges are reported. Bivariate analyses were conducted to assess the association of individual factors with mortality and, thereafter, to compare patient characteristics, use of invasive devices and outcome based on etiology, coma or shock status. We used Pearson's chi-square test for categorical variables and the Mann-Whitney test for continuous variables, with an a-level of 0.05. All variables associated with mortality with a p value of 0.30 or less were included in multivariate logistic regression models. Two models were fit, initially with the PRISM III score as an independent variable and then without the score in order to include variables routinely incorporated within the PRISM III score. All analyses were conducted using Stata 7 for Windows (Stata; College Station, Texas).
Results
Of 559 patients with meningitis, 58% were male. The median age was 19 months (interquartile range [IQR]: 4-92) and the median PRISM III score at 12 h was 3 (IQR: 0-8). Five percent of the patients had an underlying chronic illness. At the time of admission to the PICU, 14% of the patients were comatose and 11% were in shock. The median PICU length of stay was 2 days (IQR: 1-4) and a bacterial etiology for meningitis was found in 334 (60%) patients. In the entire cohort, the overall frequency of use of invasive medical devices varied from 6% (ICP monitors) to 32% (CVC) ( Table 1) . Two hundred and fifty (45%) patients had at least one medical device in situ, while 175 patients (31%) had two or more devices used during their PICU stay.
Thirty-nine (7%) patients died in the PICU. Survivors and non-survivors were similar in age and gender and had similar PICU lengths of stay (Table 1) . Non-survivors were sicker upon PICU admission, with significantly higher PRISM III scores, a higher proportion of patients with bacterial meningitis (87 vs 58%, p<0.01), coma (59 vs 10%, p<0.01) or shock (33% vs 9%, p<0.01) at PICU admission. Invasive devices were used more often in the patients who eventually died.
Patients in shock at the time of admission to the PICU had significantly higher use of invasive medical devices (except ICP monitors), longer length of stay in the PICU, more physiologic instability and higher mortality; compared to patients not in shock at the time of admission to the PICU ( Table 2 ). The predicted mortality was higher in the patients with shock compared to the patients not in shock (7.7% vs 0.8%, p<0.01).
Patients in coma at the time of admission to the PICU had a statistically significant higher use of invasive medical devices. They also had higher PRISM III scores, longer length of stay in the PICU and higher mortality ( Table 3 ). The predicted mortality was higher in the comatose patients compared to the non-comatose patients (10.5% vs 0.7%, p<0.01). Having bacterial meningitis was associated with higher PRISM III scores, shock, higher use of invasive devices and higher mortality (Table 4). In multivariate analysis, patients had 1.26 higher odds of mortality for each unit increase in PRISM III score (odds ratio 1.26, 95% confidence interval: 1.19-1.34), while adjusting for etiology, the presence of shock and gender.
In a separate model without the PRISM III score, the presence of coma at PICU admission and a diagnosis of bacterial meningitis were associated with, respectively, 10-fold and 3-fold higher odds of mortality. Each unit increase in the lowest systolic blood pressure had a nominal protective effect (Table 5) . Eleven (14%) of the comatose patients had ICP monitors inserted, compared to 23 (5%) of the non-comatose patients (Table 3 ) (p<0.01). The latter group of non-comatose patients who had ICP monitors placed was significantly less ill, with a lower median PRISM III score ( 5 vs 12, p<0.01). However, they were sicker than the non-comatose patients who did not have an ICP monitor placed (median PRISM III score of 2, p<0.01).
The use of ICP monitors varied widely between the various PICUs. Of the 15 centers, 4 did not insert ICP monitors in their comatose patients with meningitis (nonuse centers), 4 inserted them less than half the time (lowuse centers) and 6 centers inserted them more than half the time (high-use centers). One center had no patients with meningitis in coma on admission to the PICU. Of the 23 patients without coma who had ICP monitors placed, 20 patients (87%) had the monitors placed in the high-use centers. There was no difference in the survival of patients between centers with high, low or non-use of ICP monitors, with mortality rates of 5.0%, 8.5% and 8.4%, respectively (chi-square 2.61, p=0.27). Comparison of mortality between high-use centers and all other centers 
Discussion
This study describes the immediate outcome in the largest cohort to date of children with meningitis admitted to US PICUs. We report a mortality rate of 7% in our cohort, consistent with published mortality rates of 1-8%, for childhood meningitis beyond the neonatal period [3, 6] . Severity of illness, marked by the presence of hemodynamic or neurological impairment at the time of PICU admission, was associated with higher predicted and observed mortality in this cohort of children admitted to the PICU with meningitis. A median PRISM III score of 3, with a predicted mortality of 1% in the entire cohort, suggests the likelihood of the admission of some less sick patients into the PICU for monitoring of physiologic status rather than for intensive PICU management. We therefore described the characteristics of patients, invasive device use and outcome based on the presence of either coma or shock at the time of PICU admission, since such complications should ideally prompt PICU admission. We also characterized patients based on etiology, as bacterial meningitis is associated with poorer outcomes. We observed higher mortality in patients with bacterial meningitis, and hemodynamic or neurological impairment at the time of PICU admission.
Physiologic instability, evidenced by the presence of coma, shock and tachycardia, was associated with mortality among the entire cohort. These indices signify severe disease and are components of the PRISM III score, a tool used to predict the risk of mortality in children admitted to the PICU [15] . We found higher odds of mortality with increment in severity of illness scores. In a single-center PICU study to describe the functional status of survivors of bacterial meningitis, Madagame et al. [16] similarly reported severity of illness on admission as a significant predictor of both mortality and impaired functional status on follow-up. It is important to note, however, that the PRISM III score is not a tool intended for assessment of individual patient outcomes.
We also describe the use of technology among the study cohort. The delivery of care within the PICU is complex and medical devices may not improve outcome on their own but are incorporated into the processes of ICU care. Mechanical ventilators, when used judiciously, have been shown to improve outcome for select patients with meningitis [9] . As expected, the use of invasive monitoring devices, as a whole, was higher among the more severely ill patients and we observed a significant difference in the use of invasive medical devices by etiology, coma and shock status.
Intracranial pressure (ICP) is a crucial determinant of cerebral perfusion and is important in the outcome of meningitis in children. It is frequently elevated in patients with clinical meningitis, with the maximal elevation occurring within the first 24-48 h after diagnosis [13, 17] . Increased ICP, with resultant compression of the brain stem and impairment of cerebral circulation, is an important cause of neurological damage and death in patients with meningitis. No guidelines presently exist for the use of ICP monitors in patients with meningitis and medical opinion differs as to whether ICP monitoring as a process of care alters outcome. Some clinicians do not consider elevated ICP a treatable complication and, consequently, aggressive monitoring and treatment of elevated ICP is often not pursued in children with meningitis [17] . Others, as shown in studies by Pesso et al. [14] and Grande et al. [18] , have demonstrated improved prognosis with ICP monitoring and management in both children and adults with severe bacterial meningitis. Some clinicians consider monitoring ICP in children in whom there is clinical or radiographic evidence of increase in ICP [17] , while others have reported the lack of correlation between findings on cranial tomography and the risk of cerebral herniation in children with meningitis [6] .
As our data show, ICP monitoring is not routinely performed in children with meningitis, even among the subset of patients in coma. Thirty-four patients (6%) in our study cohort had an ICP monitor placed, two thirds of whom were not comatose on admission to the PICU. Madagame et al. [16] reported that only 2 patients out of their cohort of 32 patients had ICP monitors inserted, even though 6 of these patients underwent endotracheal intubation and mechanical ventilation for the treatment of elevated ICP. We also observed significant variation in the use of ICP monitors among the various PICUs in the study cohort. PICUs that used ICP monitors more frequently in meningitis had lower, though statistically insignificant, mortality rates in comparison to those with less frequent, or non-use, of ICP monitors. Variation in the use of various therapies in the PICU setting has been previously reported and could contribute to the differences in outcomes of pediatric critical illness [19, 20] . The authors advocate adequately powered prospective studies to study further the association between "center use" of ICP monitors and outcome of meningitis, particularly in those patients comatose at admission into the PICU.
This study has limitations. The specific etiologic bacterial organisms were not reported in the database. A description of the specific bacterial organisms might have shed light on the impact of meningitis from vaccine-preventable invasive bacterial disease in this cohort of children with meningitis treated in the PICU. Another limitation stems from the fact that the diagnoses within the data set were made within 24 h of PICU admission and the delineation of bacterial versus non-bacterial meningitis might be unclear at this time. To address this limitation, characteristics of patients with and without bacterial meningitis were described, highlighting the patient-level characteristics, use of technology and outcome.
The actual indication for each PICU admission was unknown and some patients had low PRISM III scores suggesting minimal impairment of physiologic status. To address this limitation, analyses were conducted based on coma and shock status, well-recognized complications of meningitis that often prompt admission to the PICU. The indications for the use of invasive devices in each individual patient were based on individual provider judgement; hence the reasons for device placement, including ICP monitor placement, in our cohort were unknown and might not have been consistent. We were therefore unable to determine which patients received therapy for intracranial hypertension or which had ICP monitored with a ventricular drain that would provide a means for cerebrospinal fluid drainage.
Meningitis, especially bacterial meningitis, leads to significant morbidity [4, 5] . Due to the retrospective nature of our study design, the functional status of the survivors within our cohort could not be assessed. Also, functional status was measured at the time of PICU discharge in only 13% of the survivors, making the information not generalizable to all the survivors in the cohort.
In conclusion, in a large cohort of children admitted to the PICU with meningitis, higher severity of illness was significantly associated with increased mortality. Patients with bacterial meningitis or who were either comatose or in shock early in their PICU admission had a greater likelihood of dying despite higher use of invasive medical devices, suggesting the need for timely admission of this subset of patients with meningitis. In critically ill children with meningitis, the utilization of ICP monitors, the interinstitutional variation in their use and the relationship of ICP monitoring to clinical outcomes need further study.
